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Abstract
We present a model for the simulation of ferroelectric hysteresis loops. It is based on the Preisach operator and
takes advantage of an analytic weight function for the underlying fundamental switching operators. The ﬁve inde-
pendent parameters describing this weight function are determined for a discoidal piezoceramic actuator by adapting
the model output to measurements of the polarization. Further hysteresis simulations, performed using the adapted
model are compared to hysteresis measurements of the actuator. To consider time dependent switching behavior of
the ferroelectric domains, our model is furthermore extended by a drift operator and veriﬁed by means of additional
measurements.
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1. Introduction
Ferroelectric materials play a decisive role in transducer technology due to their ability to convert mechanical into
electrical energy and vice versa. The widely-used piezoceramic materials consist of crystalline grains which can be
subdivided into domains, regions with the same electric dipole orientation of the fundamental crystal unit cells. If
an electrical ﬁeld is applied to such a material, the dipoles attempt to orientate along the electric ﬂux lines. For low
excitation ﬁelds, this behavior is reversible. It then can be described by linear constitutive equations, leading to a set
of ten independent material parameters for the 6mm crystal class. Since these parameters suﬀer from strong variation,
techniques such as [1] are necessary to be able to perform a serious ﬁnite element analysis.
However, this linear approximation is inappropriate, if the ferroelectric material is exposed to higher ﬁeld strengths.
In this case, the domains might not only orientate along the electric ﬂux but also switch by 90◦ as well as 180◦ degrees,
which results in an irreversible hysteretic large-signal behavior. To be able to understand and predict this complex
nonlinear material behavior, there is a need of precise measurements as well as eﬃcient hysteresis modeling. This is
related to many applications, such as polarization procedures in the manufacturing process of piezo-composites or the
nonlinear operation range of stack actuators.
In this paper, we present such a hysteresis model and validate it using a discoidal piezoceramic transducer. Our model
is furthermore extended by a drift operator to consider time-dependent behavior of the domain switching. Whereas
section 2 depicts the measurements performed on the transducer, section 3 explains our hysteresis model as well as
the additional drift operator. Section 4 provides simulation results and veriﬁcation, section 5 gives a conclusion.
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2. Measurements
The materials, we are investigating, consist of lead zirconate titanate (PZT) and have a coercitive ﬁeld strength of
about 1 kV/mm. This implies a special concern regarding the measuring setup as well as safety issues. The samples
are provided with plane-parallel electrodes in 3-direction (see Fig. 1(b)). The time-dependent polarization can then
be written as
P3(t) = D3(t) − ε0 · E3(t) with E3(t) = U3(t)h and D3(t) =
∫ t
0
I3(τ)dτ
A
. (1)
Here, ε0 denotes the vacuum permittivity. The electrical ﬁeld strength E3(t) between the electrodes is given by the
fraction of the applied voltage U3(t) and the thickness h of the transducer. Due to the reorientation of the ferroelectric
domains, electrostatic charges are induced on the electrodes, leading to a measurable current I3(t). The dielectric
displacement D3(t) results from integrating this current and dividing it by the electrode area A (see Fig. 1(b)). The
quantities to be measured are thus the excitation voltage, the induced current and the dimensions of the sample. A
schematic view of the measurement setup is given in Fig. 1(a).
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Figure 1: Measurement setup (a) and transducer under test (b) with diameter d, thickness h and electrode area A.
To verify our model, measurements have been performed on a Pz27 sample, a soft PZT material from Ferroperm.
The discoidal transducer has a diameter of 25mm, a thickness of 2mm and silver electrodes on its front faces. Figure 2
shows a typical measurement of the electrical ﬁeld strength and the polarization determined according to Eq. 1. The
consequential hysteresis curve is displayed in Fig. 4(a).
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Figure 2: Excitation ﬁeld strength E3,m(t) (a) and calculated polarization P3,m(t) (b).
3. Modeling
Regarding ferroelectric hysteresis models, three main types can be found in literature. Micromechanical and
thermodynamic motivated models are strongly related to material structure and attempt to describe single domains
using the ﬁnite element method. This is involved with a high computational eﬀort which makes those models mainly
useful for a deeper material understanding. Contrary to that, the phenomenological models are of macroscopic nature.
They intend to describe, generalize and predict experimental results and are more useful for device design.
3.1. Preisach hysteresis operator
In our previous work, we proposed such a phenomenological model [2],[3] taking into account the Preisach hys-
teresis operator [4]. The model was ﬁrst applied to ferromagnetic hysteresis [2], we now also investigate ferroelectric
materials [5]. The mathematical Preisach operatorH is based on the weighted superposition of fundamental switching
operators γαβ (see Fig. 3)
P3,n(t) = H [E3,n](t) =∫∫
α≥β
μ(α, β)γαβ
[
E3,n
]
(t)dαdβ. (2)
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The input and output of this operator are for the ferroelectric case the normalized, time-depending electrical ﬁeld
strength E3,n(t) and the electrical polarization P3,n(t), respectively. Both are orientated in 3-direction.
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Figure 3: Fundamental switching operator and Preisach plane.
Table 1: Parameters of the weight function μDAT (α, β)
obtained for the transducer under test.
σ1 1.18 · 102
σ2 2.13 · 101
B 2.57 · 102
η 1.33
h 5.77 · 10−1
A decisive point is to ﬁnd an appropriate weight μ(α, β), aﬀecting the shape of the hysteresis loops. It can be
displayed on the Preisach plane (see Fig. 3). In some approaches, the Preisach plane is discretized [6] and the weight
is determined for every single element. We use instead an analytic weight function μDAT (α, β), motivated by the
arcus-tangent-like shape of the outer hysteresis loops
μDAT (α, β) =
B
1 + {[(α + β)σ1]2 + [(α − β − h)σ2]2}η . (3)
Since the analytic function only takes into account ﬁve independent parameters, the computing time is reduced by far.
The parameters are determined by adapting the model output to normalized measurements of the polarization for the
same electrical ﬁeld as excitation. Table 1 shows the parameters, determined for the ferroelectric transducer described
in chapter 2. The hysteresis measurement according to Fig. 2 is compared to the model output for the same excitation
in Fig. 4(a). There is good agreement for the outer hysteresis loops. Only for minor loops with a maximum ﬁeld
strength close to the coercitive ﬁeld, there is a signiﬁcant mismatch.
3.2. Drift operator
The smooth edges of the measured hysteresis in Fig. 4(a) indicate, that the time dependency of the domain switch-
ing cannot be neglected close to ﬁeld strengths with a high polarization gradient. Therefore, an additional drift operator
is required to be able to model ferroelectric hysteresis. Motivated by the measured step response of the polarization
displayed in Fig. 4(c), our drift operatorD is expressed as the solution of the ﬁrst-order diﬀerential equation
d
dt
P3,n,drift(t) − αD · (P3,n(t) − P3,n,drift(t)) = 0. (4)
In mechanics this is equal to the model of a spring and a damper in parallel. Applied to the output of the Preisach
model, the polarization P3,n,drift is thus calculated as follows
P3,n,drift(t) = D [P3,n] (t) = D [H [E3,n]] (t) = P0 e−αD(t−t0) + t∫
t0
αD e
−αD(t−τ)P3,n(τ)dτ, (5)
with the initial value P0 = D[P3,n](t0). The additional drift parameter αD is determined within the identiﬁcation
process described in section 3.1.
4. Results and veriﬁcation
To verify the extended model, the transducer is excited by an electrical ﬁeld strength as displayed in Fig. 4(b).
The drift of the polarization signal during the holding time is illustrated in Fig. 4(c), the resulting hysteresis curve is
compared to simulations with and without drift operator in Fig. 4(d). As a detail in Fig. 4(e) shows, the agreement
between simulations and measurements is much better using the enhanced model. Fig. 4(f) shows a minor loop
measurement, excited with a sinusoidal signal of 1.5Hz. It reveals, that the smooth edges of the minor loops can now
also be simulated.
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Figure 4: Hysteresis measurement (see Fig. 2) compared to simulation without drift operator (a). Measured electrical ﬁeld (b) and polarization drift
during holding time (c). The resulting hysteresis curve (d) as well as a detail of the hysteresis (e), each compared to simulations with and without
drift operator. Measurement of minor loop compared to simulations with and without drift operator (f).
5. Conclusion
Our Preisach hysteresis model takes advantage of an analytic weight function with ﬁve independent parameters.
Due to the strong time dependency of the ferroelectric domain switching, an additional drift operator is integrated
into the model. Measurements compared to simulations using the enhanced model highlight the advantages of this
development. Future research is concentrated on the extension of the model regarding further inﬂuences on the
ferroelectric hysteresis.
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